SUMMARY. Optical, d.t.a., X-ray, and chemical analysis investigations were carried out on serpentinites from various Egyptian localities and on their associated talc-carbonates. The serpentinites were proved to consist of pure antigorite, lizardite, or clinochrysotile, or of mixtures of any pair of these serpentine minerals. Lizardite, which is reported for the first time in Egypt, is found to be of common occurrence. Talc, tremolite, carbonates, chlorite, olivine, biotite, chromite, magnetite, goethite, and stevensite are the main admixtures. The talc-carbonates consist mainly of talc and magnesite, or magnesite, dolomite, and talc together with minor amounts of antigorite, magnetite, goethite, and occasionally a little chlorite or calcite. Spectrographic analyses of some of the magnetically separated serpentines have been carried out and the origin of the Egyptian serpentinites and talc-carbonates is briefly discussed.
Finally, complete chemical analysis (giving the major elements) was carried out for thirteen representative samples, and trace elements (Cu, Cr, Co, and Ni) were also determined spectrographically for another ten.
Optical examination revealed the presence of lizardite as the main constituent of many of the serpentinite samples studied. Lizardite generally forms large rectangular plates ranging from 0.8 to 1.4 mm diameter, which are sometimes traversed by veinlets of clinochrysotile (fig. Ia) and which may be aggregated in bundles (fig. Ib) . It is usually colourless with weak birefringence (about o-oI), plumose structure, and straight or shadowy extinction, average 2V~ about 2 ~ average y 1.558• Some of the serpentinites exhibiting mesh texture and previously considered to consist of antigorite and chrysotile were found to be either entirely lizardite ( fig. Ic) , as shown by X-ray powder photographs, or mixtures of lizardite and clinochrysotile; in the latter case the lizardite occupies the cores of the mesh while the walls are of clinochrysotile. In other cases, the two minerals form a fine-grained massive aggregate of clinochrysotile and platelets of lizardite that are nearly isotropic; the latter probably corresponds to the so-called 'serpophite' frequently reported by Hume (1934) .
Antigorite is a common constituent of Egyptian serpentinites; some samples consist More frequently clinochrysotile forms large veins that traverse antigorite or lizardite or fill cracks in partly replaced olivine; the fibres are always oriented perpendicular to the length of the vein. Very fine-grained massive clinochrysotile showing pseudo-spherulitic arrangements is occasionally observed.
Besides the serpentine-group minerals, other minerals are frequently observed in Egyptian serpentinites. These include talc, carbonates, tremolite, olivine, biotite, chlorite, chromite, and magnetite. Talc and carbonates are the most common and generally represent alteration products of serpentines. The talc occurs in flaky or fibrous forms a n d is frequently associated with lizardite or with lizardite-clinochrysotile mixtures; a serpentinite specimen f r o m W a d i Badia (S-Io8) consists of lizardite a n d flaky talc in almost equal proportions. In some antigorite serpentinites exhibiting mesh texture, talc occupies the walls of the mesh a n d seems to have been formed by the direct alteration of original olivine. Magnesite and dolomite are the most abundant carbonates. Veins of later calcite are also not uncommon. The serpentines are usually pseudomorphous after olivine or clinopyroxene, or less frequently after tremolite or magnesian biotite. Relics of these minerals are occasionally observed; the serpentinization is frequently accompanied by the deposition FIG. 2 Separate idiomorphic octahedra of magnetite are also common and are frequently oxidized to martite, and both minerals may be hydrated to goethite. Sulphide minerals are rare and are mainly pyrrhotine together with minor amounts of chalcopyrite, bravoite, pyrite, and sphalerite.
The talc-carbonate rocks consist mainly of densely packed aggregates of magnesite embedded in a fine-grained matrix of talc ( fig. 2e ). One sample from Gebel Atud (T-4) contains, in addition, an appreciable amount of dolomite. Minor amounts of antigorite, magnetite, and goethite are also generally present, and in few cases some shreds of chlorite and veinlets of calcite.
The results of chemical analysis of Egyptian serpentinites are given in table I. The silica, magnesia, and water contents compare well with those of typical lizardite and antigorite from other localities (see Deer, Howie, and Zussman, I963, p. I76). The Egyptian serpentinites, however, are characterized by distinctly high percentages of Fe203 and Cr20~, which are generally due to admixtures of magnetite and chromite. The analyses of samples S-8o and S-84 from Wadi Beitan show a relatively high percentage of CO2 as a result of the presence of some magnesite impurity. The slightly higher content of SiO2 in sample S-81 is due to some admixed talc. The distribution of the ions in octahedral and tetrahedral coordination as calculated from the chemical analyses on the basis of ~o oxygens and after the substraction of the magnetite and chromite impurities is also given in table I. For examples S-2o and S-33, which are the purest samples analysed of lizardite and antigorite respectively, recalculation gave the formulae:
(Mgs.s0Fe0.15Cr0.00(S18.s2A10.10Feo.os)O10(OH)8 and (Mg576Fe~+sA10.01Cro .01Mn0.00(Si3.9A10.1)O10(OH)8. Gad (1952) . All the analyses with the exception of that of T-4 from Gebel Atud show a very low percentage of CaO indicating that, in general, calcite and dolomite are not the principal carbonate present in these rocks; a conclusion confirmed by optical, d.t.a., and X-ray examination. The FeO and Fe20 3 contents are due to the presence of small amounts of magnetite and goethite. The relatively high percentage of Al~O3 observed in the analyses is ascribed to chlorite. Specimen T-3 reveals an exceptionally high content of SiO2 as a result of talc being in preponderance over carbonates.
The X-ray data of some examples of the serpentinite samples examined are given in table III; the results of the X-ray examination of the rest of the samples are shown in table V. The criteria used for the identification of the serpentine-group minerals were those given by Whittaker and Zussman (1956) .
Fifteen samples (S-7, S-T2, S-2o, S-36, S-48, S-5o, S-78, S-8o, S-82, S-84, S-loo, S-loi, S-to2, S-Io8, and S-I 11) gave the pattern of almost pure lizardite, characterized by the very strong line at about 2"495 A and the pair of lines at about 1.535 A (m.s.) and 1.502 A (w.). On the other hand, the intense line at about 2"525 A and the pair of lines at about 1.564 A and 1.536 A, which are characteristic for antigorite, have been observed in the patterns of thirteen other samples (S-9, S-15, S-2t, S-3o, S-33, S-57, S-6I, S-63, S-88, S-94, S-98, S-Io4, Sqo6). Six samples (S-37, S-39, S-45, S-65, Sqo3, S-I23) gave the pattern of almost pure clinochrysotile. All these patterns are of ordinary clinochrysotile characterized by a strong line at about 2.458 A and a medium weak band extending from it to about 2.59 A, also a single strong line at about 1.54 A. No pattern of the clinochrysotile 'Globe type' as described by Faust and Fahey 0962) was observed. The medium line at 2"6o4 A (the 2oi reflection when/3 = 9 o~ was never detected, indicating the absence of any orthochrysotile in all the samples examined. Two samples (S-I 7 and S-I Io) gave mixed patterns of antigorite and lizardite and of antigorite and clinochrysotile respectively (see table III ). Besides the pattern of the serpentine group-minerals, a few faint foreign lines appeared for some of the samples as a result of impurities (talc, dolomite, calcite, and magnesite).
As regards the talc-carbonate rocks, four samples were examined by X-ray methods. Samples T-I, T-2, and T-3 from Wadi el-Barramyia (the Barramyia rocks) gave similar patterns, showing mixtures of talc and magnesite. The pattern of the Gebel Atud sample (T-4), on the other hand, revealed the presence of a considerable amount of dolomite while the amounts of talc and magnesite were much reduced.
Differential thermal analysis was carried out on most of the samples examined by X-ray methods. Fig. 3 gives representative examples of the d.t.a, curves of serpentinites composed almost entirely of serpentine-group minerals. From the d.t.a, curves, it was readily possible to distinguish antigorite from both lizardite and clinochrysotile. The d.t.a, curves of lizardite and clinochrysotile, on the other hand, are so similar (see Faust and Fahey, I962) that the distinction between the two has to be based chiefly on X-ray methods. All the curves of pure or practically pure lizardite and clinochrysotile ( fig. 3, curves I, 2, 3) showed a major endothermic trough with the temperature of the minimum ranging from 69o to 73o ~ with an average for nine curves of 708 ~ This endothermic trough occurs at a slightly higher temperature (74o-75o ~ in samples containing a minor amount of admixed antigorite (e.g. S-78, S-zoo, S-5o, S-I2, S-37, and S-39). Sample S-I7, which consists of lizardite and antigorite in almost equal proportions, shows resolution of this endothermic trough into two separate troughs ( fig. 3, curve 6) . A similar curve was described by Faust and Fahey 096z, fig. 4o , C-I i6) for a specimen from Baltimore County, Md. containing 5o % chrysotile and 5o % antigorite.
The endothermic reaction is followed after a short distance by a pronounced exothermic peak with a maximum temperature ranging from 77o to 835 ~ with an average of 8o2 ~ This exothermic peak represents the recrystallization of some of the dehydrated lizardite or clinochrysotile, and the difference between its temperature and that of the endothermic peak (AEX--EN) for pure samples ranges from 73 to zoo ~ with an average of about 9o ~ In addition to these two major thermal effects, most of the curves show a gentle downward bow between 8o and 2oo ~ indicating continuous loss of adsorbed water, and this is immediately followed by a slight upward bow in the temperature range of 25o-5oo ~ for this last phenomenon, no satisfactory explanation is at present possible. The curves of the clinochrysotile specimens S-Io 3 and S-87 show a small inflection at 650 and 685 ~ respectively, on the low-temperature side of the major trough (see fig. 3, curve 3) ; an even smaller inflection was observed at 65o ~ in the curve of a lizardite specimen (S-~o0. In view of this, the statement made by Faust and Fahey (~962, p. 67) that such an inflection may be diagnostic for lizardite cannot be corroborated. The d.t.a, curves of serpentinites consisting of pure or practically pure antigorite (curves 4 and 5, fig. 3 ) are simpler than those of lizardite and clinochrysotile. They are characterized by the absence of the 25o-5oo ~ upward bow and the fact that the major endothermic trough has a minimum temperature ranging between 78o and 82o ~ with an average for six curves of 797 ~ Immediately following the endotherm, a very minor exothermic peak appears at a temperature ranging from 8IO to 855 ~ (AEX--EN ~ 3o-55 ~ and is sometimes almost completely absent (curve 5 of S-Io7). For mixtures of antigorite and lizardite the curve in the temperature range 20o-700 ~ is also nearly a straight line and the separation of the minimum of the major endotherm from the maximum of the exotherm ranges form 4o to 90 ~ with an average of 73 ~ (see curve 6, fig. 3 ). The d.t.a, curves of Egyptian serpentinites containing appreciable amounts of other minerals admixed with the serpentine-group minerals are given in fig. 4 . The presence of a small amount of dolomite results in the appearance of an endothermic peak at about 85o ~ (curve 0. On the other hand, samples containing abundant dolomite show two endothermic troughs at about 76o and 9oo ~ respectively (curve 2); the oxidation of magnetite impurity resulted in a low upward bow between 3oo and 4oo ~ (see Gheith, I952). Curve 3 of S-I23 is somewhat complicated owing to the possible presence of a little stevensitO (see Faust and Murata, r953), some dolomite and goethite (a very shallow bow at about 38o ~ Other impurities detected in the d.t.a, curves are: magnesite (curve 4), talc and biotite (curve 5). A curve of a lizardite specimen (S-7) showed a shallow endothermic trough at Io35 ~ due to the presence of admixed tremolite.
The d.t.a, curves of four specimens of talc-carbonates are given in fig. 5 . Curves I, 2, and 4 show a large downward bow between Ioo and 2oo ~ due to the constant loss of adsorbed water. The presence of magnesite in all the samples is indicated by a pronounced endothermic trough with a minimum ranging from 63o to 7oo ~ The expulsion of water from talc results in a somewhat shallower endothermic peak at 955-90 ~ In specimen T-3 (curve 3) the amount of talc is more than that of magnesite. The presence of a small amount of dolomite in the Barramyia rock T-I (as verified by X-rays) resulted in a small but very sharp endotherm at 85o ~ (curve I). Other minerals detected in the d.t.a, curves are: chlorite (endotherm at 9oo or 86o ~ curves 2 and 3, respectively), magnetite (broad upward bow at about 35o ~ curve 3) and antigorite (shallow endotherm at 790 ~ curve 3).
Specimen T-4 from Gebel Atud gives a d.t.a, curve that is significantly different from those of the type locality (Barramyia). Two very sharp and pronounced endothermic troughs appear at 79o and 9IO ~ and are attributed to the presence in this specimen of a considerable amount of dolomite, which is almost equal to that of magnesite. The amount of talc, on the other hand, is very much reduced as indicated by the appreciable decrease in the size of its endothermic trough. It must be emphasized here that in all the d.t.a, curves of talc-carbonates, no definite exothermic peak as described by Gad (I952) for the oxidation of FeO of his supposed breunnerite to Fe203 was observed. The identity of magnesite was ascertained by the optical and X-ray examination.
Minor elements in the serpentinites. The distribution of minor elements in serpentinites has a distinct bearing on the theory of the origin of these rocks. The studies by Faust, Murata, and Fahey (I956) and by Faust and Fahey 0962) revealed that the serpentine minerals derived from ultrabasic rocks through deuteric or subsequent hydrothermal replacement are notably richer in minor elements (particularly Ni, Cr, This explains the large endotherm at about t5o ~ and the decrease in the minimum temperature of the principal endotherm of clinochrysotile.
Co, and Sc) than those derived from various types of metamorphic limestones and dolomites, from contact metamorphic deposits, or from hydrothermal veins contained in such rocks.
In the present work the contents of Ni, Cr, Co, and Cu in ten specimens of serpentinites from different localities were determined spectrographically. In order to a little dolomite, Wadi el Barramyia; T-2, magnesite, talc, and a little chlorite, Wadi el Barramyia; T-3, magnesite, talc, magnetite, antigorite, and clinochlore, Wadi el Barramyia; T-4, dolomite, magnesite, and talc, Gebel Atud.
separate the admixed magnetite, chromite, and other opaques, each powdered sample was subjected to intense purification by means of a Frantz Isodynamic separator; the non-magnetic fraction only, ~ consisting of practically pure serpentine-group minerals, was analysed. The results of the spectrographic analyses are given in table IV. From the table it is evident that the samples examined may be divided into two distinct classes as regard their contents of minor elements. Class A includes specimens (S-I I, S-83, S-IIO, S-65, S-I7, S-77, S-Io4, and S-7I) that are significantly rich in Ni, Cr, and Co. In the two specimens S-88 and S-7o of class B, on the other hand, these minor elements occur in very small to negligible concentrations. The distribution of Cu, however, is not uniform in the two classes. From the geochemical point of view class A, therefore, includes serpentinites formed in ultrabasic igneous rocks while class B
Further purification was carried out for some samples by hand-picking under a binocular microscope.
:includes serpentinites formed in various types of metamorphic rocks and in hydrothermal veins. It is interesting to note that the actual geological occurrence of the two specimens of class B confirms the above interpretation. Thus, S-88 (antigorite) occurs as hydrothermal veins in metamorphosed limestone and is associated with talc and carbonates, while S-7o (lizardite and clinochrysotile) occurs in a diopsidic calcite For location and description of specimens S-I 1o, S-I7, S-Io4, and S-88, refer to table V. marble and is probably formed by the replacement of diopside and tremolite. The serpentinites of class A are generally rich in iron oxides and chromite while those of class B are almost free of opaque minerals and are consequently of paler colour.
Discussion and conclusions
A summary of the mineralogical composition and location of 39 specimens of serpentinites that were examined by X-ray methods and d.t.a, is given in table V. From this and from the chemical and optical data of several other specimens, Egyptian serpentinites may be classified mineralogically into three main groups: serpentinites composed of a single serpentine mineral; serpentinites composed of a mixture of two serpentine minerals; and serpentinites composed of serpentine-group minerals admixed with appreciable amounts (more than 2o %) of paragenetically associated minerals.
The first group is the most common and is subdivided into lizardite-, antigorite-, and clinochrysotile-serpentinites according to the type of serpentine mineral present. Lizardite is found to be a common constituent of the serpentine rocks of Egypt; out of the 39 specimens given in table V, eleven were found to consist almost entirely (95 % or more) or chiefly (8o % or more) of lizardite. Antigorite-serpentinites are equally common, but four specimens only were identified as practically pure clinochrysotile. Orthochrysotile and clinochrysotile (Globe-type) were not detected in any of the specimens examined in the present work.
The following mixtures of serpentine-group minerals were identified: lizarditeantigorite mixtures in which lizardite is predominant; clinochrysotile-antigorite mixtures in which clinochrysotile is predominant; and antigorite-clinochrysotile mixtures in which antigorite is predominant. Mixtures of lizardite and clinochrysotile (L > (2) were detected microscopically in few specimens but it was not possible to confirm this by d.t.a, and X-ray methods. This is partly due to the fact that the d.t.a. curves of lizardite, clinochrysotile, or mixtures of both are practically undifferentiable and partly to the possibility that clinochrysotile in these mixtures occurred in amounts too small (IO % or less) to be detected in the X-ray pattern.
Minerals paragenetically related to the serpentine-group minerals and observed in the serpentinites examined include talc, carbonates (mainly magnesite and dolomite), tremolite, chlorite, and stevensite; magnetite, chromite, and goethite are other common associates. Relics of the original minerals that have undergone serpentinization consist of olivine, pyroxene, amphibole, or mica.
One specimen of 'serpentinite' (S-8) from the Qena-Qoseir road deserves special consideration owing to its peculiar chemical and mineralogical composition. Chemical analysis gave SiO2 3I'2 %, A1203 I4"o9, Fe203 6-46, Cr20~ o.I6, FeO 6"9I, MnO o.8~, MgO 27"25, CaO traces, Na20 o'o9, K~O o"o3, COs 0"94, H20 io.m, total Io~'o5 %, which shows that its A1203 and FeO contents are much too high and its MgO and SiO~ contents are much too low for a serpentine mineral. Optical, d.t.a., and X-ray examination revealed that the specimen consists mainly of compact colourless chlorite (clinochlore) and lizardite together with a trace of tremolite. The high FeO content may indicate that the lizardite is possibly a ferrolizardite. Chia et aI. (I964, p. 86) described a ferrolizardite from Yun Ching, Peking that contains 6.22 % FeO and 7"99 % Fe~O3 and which they considered to be a new mineral species of the serpentine group; its d.t.a, curve is somewhat similar to that of the present sample. Specimen S-8 merges into a true massive serpentinite of a darker green colour (S-7), which consists of lizardite and minor tremolite but no chlorite. A similar chlorite-lizardite association from New South Wales has been recently described by Golding and Bayliss (~968). It is intended to carry out in the near future further geological and mineralogical investigation (using electron-probe technique) of the present occurrence in order to reveal its genesis.
Regarding the regional distribution of various types of the Egyptian serpentinites it was not generally possible to characterize each locality by a certain serpentine mineral. Some exceptions, however, have been observed. Examples are the serpentinites of Wadi Beitan, which are mostly of lizardite, and those of Wadi Sikeit, which are chiefly of clinochrysotile-antigorite mixtures. The serpentinites of the important mining occurrence of Barramyia are generally either chiefly antigorite or chiefly lizardite.
From the minor element determinations it is concluded that the serpentinites examined belong to two distinct types of paragenesis: serpentinites derived by deuteric and hydrothermal replacement of ultrabasic rocks and characterized by being notably rich in Ni, Co, and Cr, and serpentinites derived from metamorphic rocks and hydrothermal veins and containing negligible amounts of these elements. The first type of serpentinites (class A of Faust and Fahey, I962 ) are the most common in the Egyptian occurrences and are generally formed by the alteration of the ultramafic rock suite (dunites, peridotites, and pyroxenites), with the exception of a very few specimens that are derived from mica-peridotites.
The above conclusion as to the presence of two genetically different serpentinites is contrary to the prevailing views of Ibrahim (~952), Shukri and Amin (I955), and Mansour, Bassyuni, and El-Far (~956) that all Egyptian serpentinites are formed by hydrothermal alteration of ultrabasic rocks. However, further detailed studies are needed in order to solve conclusively the problem of the origin of the serpentine rocks of Egypt.
The talc-carbonate rocks associated with the serpentinites of Barramyia were found to consist mainly of mixtures of talc and magnesite in different proportions. Those of Gebel Atud, on the other hand, contain in addition, much dolomite, at the expense of the talc. Antigorite, magnetite, and goethite occur in minor amounts and, in a few cases, some chlorite. These talc-carbonate rocks are generally considered to be formed by CO2-metasomatism of large serpentinite masses along peripheries and fracture lines (Shukri and Amin, I955; E1 Ramly and Akaad, I96O). The presence of much dolomite in the Gebel Atud specimen, however, indicates that besides COz, limebearing solutions were also abundant. On the other hand, the relatively high content of Al2Oa in this rock and the presence of chlorite relics may suggest that the original material was partly a serpentinite and partly a tremolite-chlorite rock.
